Flood conveyance of floodplains is significantly influenced by the riparian vegetation cover, since vegetation affects flow velocity, therefore has a considerable impact on flood height and rate and pattern of sedimentation. However, climate change promotes the spread of invasive species, and their rapid growth results in dense vegetation stands, thus they have a significant impact on floodwater hydraulics. The aims of the present study are (1) to analyse the long-term changes in land-use and vegetation density on the Lower Tisza River, (2) to evaluate the role of the invasive Amorpha fruticosa in increasing vegetation density, and (3) to model the effect of dense floodplain vegetation on flood level and flood conveyance. Long -term (1784-2017) changes of land-use suggest that in natural conditions the study area was occupied by wetlands (92%), thus water covered the area for almost the whole year. In the 19 th century, after levee constructions the wetlands were replaced by meadows and pastures (94%), then by the end of the 20 th century planted and riparian forests replaced these land-covers. As a result, the mean roughness (0.14) of the floodplain has increased threefold until the early 21 st century. Today forests are invaded by Amorpha fruticosa, which increases the vegetation density by 3% in riparian forests, by 23% in forest plantations, and by up to 100% in abandoned pastures and a rable lands. According to the results of HEC-RAS (Hydrologic Engineering Center's River Analysis System) and CES (Conveyance Estimation System) models, if floodplain vegetation was managed and Amorpha fruticosa was cleared from the floodplain, peak flood level would decrease by 15 cm. Due to dense vegetation, the flood conveyance decreased by 4 -6%, and the presence of Amorpha fruticosa reduced the flood flow velocities by 0.014-0.016 m/s. Accordingly, clearance of the floodplain from Amorpha fruticosa would have positive effects on flood protection, since peak flood stages would decrease and flood waves would shorten .
INTRODUCTION
The climate change and the resulted hydro-climatological extremities facilitates the spread of invasive species, thus they appear in large number and due to their rapid growth they form very dense vegetation stands, thus they have a significant impact on the ecosystem (Didham et al., 2005) and on vegetation density (Delai et al., 2018) , resulting in changes in floodwater hydraulics.
One of the most important elements of effective floodplain management and flood protection is providing unobstructed flood conveyance on floodplains (Samuels et al., 2002) . Flood conveyance of floodplains is influenced by several local factors, e.g. water surface width, the floodplain's surface roughness, built-in structures, and floodplain aggradation (Rátky and Rátky, 2009) . The roughness of the floodplain's surface is significantly influenced by vegetation, as plants could alter flow conditions and affect flow velocities (Osterkamp and Hupp, 2010; Takuya et al., 2014; Devi and Kumar, 2016) . As a result, dense vegetation significantly reduces flow velocity, which combined with accelerated sedimentation, deteriorates the flood conveyance on floodplains (Chow, 1959) . This could result in increased flood levels, thus increased flood risk (Wang et al., 2015) .
The impact of vegetation on flow conditions is complex, as it depends on the density and height of the vegetation, on its phenological phase, morphological and structural characteristics (Chow, 1959; Wang et al., 2015; Vargas-Luna et al., 2015) . Vegetation density is primarily determined by the species (Antonarakis et al., 2010) , the number and rigidity of stems (Freeman et al., 2000; Galema, 2009) , and the density of foliage (Ree and Crow, 1977; Järvelä, 2004; Antonarakis et al., 2010) , thus it can vary by season (Burkham, 1976; Coon, 1998) . The denser vegetation and more rigid stems create greater obstructions to flood flow, resulting in reduced flow velocity. In extreme cases (very dense vegetation and low water slope) the flow velocity can be reduced to 0 m/s (Sándor and Kiss, 2007) . Decrease in flow velocity depending on the height of the vegetation cover, as if the height of inundation exceeds the height of the vegetation, the flow velocity can recover to normal, since there is no obstruction in the flow direction (Galema, 2009) .
Floodplains provide optimal conditions for the spread of invasives, since these species survive periodical inundations, and their seeds can travel large distances by the floods invading farther areas (Pyšek and Prach, 1994) . Invasive species tolerate burial by deposits (Schnitzler et al. 2007) , extreme hydrological conditions, and they favour sunlight (Dumitraşcu et al., 2012) . Human activities on floodplains also promote their dispersal, as new invasive species are often introduced, besides deforestation and abandonment of lands could help their invasions too (Pyšek and Prach, 1993; Planty-Tabacchi et al., 1996; Szigetvári, 2002; Mihály and Botta-Dukát, 2004) .
High and long-lasting floods could be such a high magnitude of disturbing effects, that native species cannot necessarily tolerate (Catford and Jansson, 2014; Garssen, et al. 2015) . On the Lower Tisza River in Hungary, for instance, floodplains can be inundated by 6-8 m high floods for 1-3 months, which has promoted the dispersal of invasive species, such as Amorpha fruticosa, Echinocystis lobata and Vitis vulpina. Nowadays, these species form very dense, impenetrable shrubbery in many areas on the floodplain (Fig. 1) . Along the Tisza River Amorpha fruticosa causes the greatest problems, as it spreads very aggressively on the floodplain (Mihály and Botta-Dukát, 2004) , thus its presence reduces flood conveyance considerably (Sándor and Kiss, 2007; Delai et al., 2017) . Amorpha fruticosa originates from south-eastern North America, and it was introduced in Hungary at the end of the 19 th century in order to stabilize riverbanks and to protect them from intensive erosion (Simonkai, 1893; Szigetvári and Tóth, 2012) . The Amorpha forms 3-4 m high shrubbery (Mihály and Botta-Dukát, 2004) , and according to previous measurements in these very dense shrubbery the flood flow velocity decreases to 0 m/s (Sándor and Kiss, 2007) . Former researches were limited to the estimation of vegetation density (Chow 1959; Barnes 1967; Acrement and Schneider, 1989) , they did not consider the role of invasive species, and they did calculated the influence of different floodplain management methods on flood conveyance, on peak flood levels, and did not model the role of invasive species on increasing flood hazard.
The aim of the present study is (1) to determine the long-term land use changes on the floodplain of the Lower Tisza River, and the effect of these changes on vegetation density; (2) to evaluate the role of the invasive Amorpha fruticosa in increasing vegetation density, and finally (3) to calculate the extent of flood level increase caused by the dense floodplain vegetation. The ultimate goal is to model the effect of two floodplain management scenarios on flood conveyance, thus what would happen if Amorpha fruticosa was cleared from the floodplain vegetation. The results of two different models (HEC-RAS and CES) will be compared to evaluate the reliability of the results.
STUDY AREA
The Tisza River is the second longest river in Hungary (length: 962 km, catchment area: 157,200 km 2 ). Since the middle of the 19 th century the river has been significantly regulated, the formerly 5-10 km wide natural floodplain have been confined by artificial levees, thus today the active floodplain is just 1-4 km wide. Some bends have been cut off shortening the Tisza River by 457 km (32%). These affected the hydrology ad hydraulics of the river, the slope of the channel and the land-use of the floodplains.
The Tisza River is characterized by two floods, caused by early spring snow-melt and early summer rainfalls. The mean discharge of the Tisza River at Szeged gauging station is 810 m 3 /s (maximum 4,346 m 3 /s; Lászlóffy, 1982) . As a result of the regulation works, flood levels have increased by 200-350 cm (Rakonczai and Kozák, 2009) . The duration of floods on the Lower Tisza River is 54 days/year on average (Kiss 2014) . Since the Tisza is a lowland river, its flood can be simultaneous with the floods of the tributaries or of the Danube, and they can block each other, thus longlasting ad high floods could develop.
The mean water slope of the Tisza River is only 2.9 cm/km in the Hungarian section (Lászlóffy, 1982; Kiss, 2014) . The bedload is fine sand (9,000 t/year; Lászlóffy, 1982) , and the river transports a great amount of suspended silt and clay sediment (18.7 t/year; Lászlóffy, 1982) . The average flow velocity is 0.1-0.15 m/s (Kiss, 2014) .
The changes in vegetation density and flood conveyance were analysed on a 10 km long section (180-190 rkm) of the Lower Tisza River, north from the city of Szeged, at Algyő. The boundaries of the study area are not the borders of the natural floodplain, but the artificial levees built in the 19 th century (Fig. 2) . The mean channel width is 160 m, while the mean water depth is ca. 14 m, but during floods it could be as much as 19-20 m (Lászlóffy, 1982) .
METHODS
The long-term land-use changes of the study area were analysed since the end of the 18 th century, based on 1:28,000 scale maps of historic Military Surveys (1784, 1861-1864 and 1881-1884), a 1:10,000 scale topographic map (1980s), and Google Earth image (2017) were used. As a first step, the territory of the different land-use categories was determined on the geo-corrected spatial database. To evaluate the long-term impact of vegetation on surface roughness, the average roughness values (n1-n) determined by Chow (1959) were assigned to each landuse category (Table 1) . Then the average vegetation roughness of the study area at a given year (nyear) was weighted by the territory of each land-use category (A1-n):
Eq. 1 As there are no previous data on the extension and density of the invasive Amorpha fruticosa, we mapped its density during the winter of 2017/2018 in three woody land-use categories: in forest plantations, in riparian forests and in abandoned arable lands, meadows and pastures where A. fruticosa has started to spread aggressively. The selected 15 plots represent the three land-use category quite well.
To determine vegetation density we used Warmink's (2007) photograph based Parallel Photographic (PP) Method, which could be used to calculate the area occupied by vegetation in a given volume. During the measurements photographs were taken in a quadrate (2 m x 3 m) in front a 2 m high and 3 m wide white screen ( Fig. 3a) , thus in a given quadrate the dark stems were well separated from the white background (Fig. 3b) . After converting the photographs into black and white images (Fig. 3c ), the area occupied by vegetation in front of the screen was be calculated. Inserting these calculated values into Equation 2 the vegetation density (DvPP) in each quadrate was calculated (Warmink, 2007) :
where L is the length of the white screen (3 m), and Atot is the ratio of black pixels represented by vegetation. The DvPP is a non-dimensional value between 0.0 and 1.0. The vegetation density was calculated for two conditions: representing (1) the actual vegetation with A. fruticosa, and (2) an ideal, well-maintained condition without A. fruticosa. To calculate the latest, the Amorpha fruticosa stems were erased from the black and white images (Fig. 3d) , and then vegetation density was re-calculated using Eq. 2. The calculated vegetation density values were used in HEC-RAS (Institute for Water Resources, U.S. Army Corps of Engineers) and CES (UK Environmental Agency) models. The aim was to determine how flood conveyance would change in relation with vegetation density. During the modelling, we used the data of the 2006 record high flood (max. height: 1,062 cm; max. discharge: 2,720 m 3 /s).
Fig. 2 Study area and the location of cross-section used in HEC-RAS and CES models
In HEC-RAS, during the first run, the actual vegetation density values (n=0.23) were used to model flood levels, with ±10 cm accuracy. In the second run the vegetation density data of "ideal, well-maintained condition without A. fruticosa" was applied in the 10 km long section of the floodplain. This ideal conditions equals to 'pastures with high grass, cultivated areas with mature row crops, scattered brush, and cleared land with tree stumps and no stumps', where n=0.035 (Chow, 1959) . The hydraulic effects of the decreased surface roughness were calculated at three cross-sections, at the upstream end, at the middle and at the downstream end of the 10 km long reach (Fig.  2) . Finally, the temporal and spatial changes of the flood wave were analysed. In the CES model the hydraulic changes also at three cross-sections were analysed, however no temporal analysis could be made, thus the model run just during the peak of the flood. The selected cross-sections were close to the ones in HEC-RAS (Fig. 2 ), but they were not identical. The surface topography was extracted from the 1:10,000 scale topographic map, while channel topography was provided by the Lower Tisza District Water Directorate (ATIVIZIG). The CES modelsimilarly to HEC-RAS -was run for two scenarios, (1) with the actual vegetation roughness with Amorpha, and (2) with ideal conditions without it.
RESULTS
Land-use of the floodplain along the Lower Tisza River has changed considerably in the last two hundred years ( Fig. 4-5) . At the time of the first survey (1784) the conditions refer to almost natural state, as it reflects the environment before the river regulation works and Fig. 3 Photographs of vegetation were taken from a track in front a whitescreen (3a), then the photos were mosaiced (3b). Finally black and white images were used to evaluate the vegetation density with Amorha (3c) and without it (3d).
Fig. 4
Land-use changes of the study area since the late 18 th century artificial levee constructions. Most of the area (92%) was occupied by wetlands, where water covered the area almost permanently. The proportion of forests was only 5%, and their patches grow along the channel, where the overbank aggradation created higher surfaces. In the mid-19 th century channel regulation works started. By the time of the second survey (1861-1864) two meanders were already cut off in the upstream part of the study area, though the third one in south was still untouched. Therefore, the artificial levee system at that time was not located at the same place as the present-day system. The proportion of wetlands decreased drastically (22%), and they were replaced by meadows and pastures (56%). The forests expanded moderately (9%), but they were still located along the riverbanks. Longer flood-free periods enabled some areas to be cultivated (proportion of arable lands: 7%). Two decades later (1881-1884) most of the wetlands had already disappeared (2%). Almost the whole study area was occupied by meadows and pastures (94%), but almost on half of their area trees started to grow. In contrast, the proportion of forests had decreased to 2%. One hundred years later (1980s) the vegetation cover of the study area had changed considerably, as the area of pastures and meadows became afforested, therefore their proportion decreased to 11%. Because of extensive poplar plantations, the proportion of forests increased to 78%. Nowadays (2017) the forested area of the floodplain increased further on (86%). Only some arable lands and grasslands remained (8%), however, according to our field survey three fourth of them have been abandoned and they are densely covered by Amorpha fruticosa. Table 1 ) reflect that the vegetation roughness of the floodplain has been increased since the late 18 th century (Fig. 6) . The vegetation roughness increased especially in the 1980s due to forest plantations, and nowadays because of the presence of Amorpha fruticosa. Overall, the mean vegetation roughness of the study area has increased from n=0.021 to n=0.14, thus it increased by seven times since the late 18 th century. 
The role of Amorpha fruticosa in increasing vegetation density: results of Parallel Photographic Method
In the study area three woody vegetation types were identified and studied in detail. At present, riparian forests cover 71% of the study area. Due to the shading effect of the older trees, the abundance of Amorpha fruticosa is the smallest in these forests. Therefore, the invasive species increases vegetation density only by 3% on average (0-10%), depending on the amount of sunlight reaching the surface and the rate of disturbance. In these almost natural riparian forests the vegetation roughness is 0.13 on average (min: 0.06, max: 0.22), but without Amorpha fruticosa it would be 0.12. Forest plantations occupy 15% of the floodplain, with trees of different age. Generally, in the first years after the plantations the undergrowth vegetation is managed to support the growth of the trees, but when the poplars grow above 3-4 m, the undergrowth is not managed any longer. Since the coverage of the foliage of planted forests is less closed, more sunlight could reach the surface, therefore older plantations, depending on the lack of management, could be invaded by non-native species. In the study area, Amorpha fruticosa increases vegetation density by 23% on average. The vegetation roughness of these forests is 0.10 (min: 0.07, max: 0.15), while without A. fruticosa vegetation roughness would decrease to 0.08.
In the floodplain of the Lower Tisza River Amorpha fruticosa increases vegetation density by the greatest degree on abandoned arable lands, meadows and pastures. The abandonment of these areas accelerated after the flood in 2006, when the floodplain was covered by ca. 6-8 m height water column for one week, and the inundation itself lasted for 104 days (Kiss 2014) . This high and long flood destroyed the agricultural crops and destroyed some of the natural undergrowth. In addition, the flood period had started in 1998; therefore, farmers gave up cultivating these floodplain lands because of the returning annual loss. On these abandoned lands Amorpha fruticosa increases the vegetation density by up to 100%, but in lessinvaded areas it contributes to vegetation density by 76% on average (min. 50%). Due to the presence of A. fruticosa the average vegetation density of abandoned lands is 0.12 (min: 0.09, max: 0.16), while without invasive species this value would be only 0.03.
Flood conveyance as a function of vegetation: results of HEC-RAS and CES modelling
The results of the two scenarios (unmanaged floodplain with n=0.23, and managed floodplain with n=0.035) run in HEC-RAS model suggest that the most significant changes in water levels appeared in the upstream crosssection (191.82 rkm; Fig. 7 ) of the 10 km-long study reach. In case of the No. 2 scenario the vegetation of the 10 km-long floodplain section is managed (cleared from Amorpha), thus the floodplain vegetation creates fewer obstacles (resistance) against flood flow. Therefore, the velocity of the flood is accelerated. In this case, the peak flood level decreases by 15 cm compared to the "unmanaged" scenario (n=0.035). The greatest difference between the hydrographs was 18 cm in the falling limb of the floodwave.
At the downstream cross-section (182.95 rkm) of the modelled 10 km-long reach, the processes are different from those of the upstream cross-section (Fig. 8) . In the No.2. scenario this cross-section is located at the downstream end of the managed section, at the border between the managed and unmanaged vegetation (n=0.23). Thus the flood flow collides with the dense vegetation, and forced to flow through it. The resistance is combined with the small slope of the river and the backwater effect of the Danube. Though the flood peaks of the two scenarios slightly differ (±1-2 cm), during the falling stage the differences in stages increases (6 cm), though it is within the error of the model (±10 cm).
The cross-section (189.00 rkm) located in the middle of the study area is in the middle of the managed floodplain section in case of No.2. scenario. Here the processes described at the upstream and downstream cross-sections are combined (Fig. 9) . Water level changes are similar to the ones at the upstream cross-section, but the peak water level decreases just by 6 cm in No.2. scenario. The greatest difference (9 cm) between the hydrographs was detected also in the falling limb of the flood. The temporal differences in hydrographs are the greatest in the falling limb of the flood wave. It could be explained by the characteristic of the flood: the modelled 2006 flood has been the highest on the Tisza River and its peak lasted nearly for a week. This special characteristic was caused by back-water effect of the Danube, thus the flood wave of the Tisza River could fall just after the flood on the Danube had passed. Thus, the impoundment and the reduced flow velocity was just partly caused by the vegetation, but probably it was surpassed by the impounding effect of the Danube, Therefore the effect of vegetation roughness on flood flow could only became obvious in the falling limb of the flood wave, when the Danube had no longer had significant effect on the Tisza River.
The CES model gave similar result to the HEC-RAS model (Table 2 ; Fig. 10 ). The results of the three cross-sections slightly differed, because the rate of invasion by Amorpha fruticosa varied and the width of the floodplain was different too. At all three crosssections Amorpha fruticosa contributed to vegetation density by the same rate (DvPP increased by 0.03). Because of the presence of Amorpha fruticosa the peak discharge of the flood resulted in higher water stage by 15.3 cm at the upstream and downstream crosssections, while it was only 12 cm at the middle crosssection. Based in the CES model calculations the presence of Amorpha fruticosa decreased the mean flow velocity by 0.016 m/s. There is a slight difference in the decrease of discharge at a given (highest) water stage: at the upstream cross-section the discharge of the peak stage was decreased by 5.7% by the presence of the A. fruticosa, while at the downstream cross-section it was decreased by 6% respectively. The difference could originate from the floodplain width, as the floodplain is wider along the downstream section (770 m) than upstream (680 m). At the middle cross-section the invasive species decreased the mean flow velocity by 0.014 m/s, reduced the discharge of the peak stage by 4 %, and resulted in higher water stage by 12.1 cm of the same peak discharge.
DISCUSSION
In the present study we analysed the changes of vegetation cover on the floodplain of the Lower Tisza River, determined the role of the invasive Amorpha fruticosa in increasing the vegetation density of the floodplain, and modelled its role in reducing flood conveyance.
Long-term changes (1784-2017) of land-use on the floodplain of the Lower Tisza River suggest that at the end of the 18 th century, before the river engineering works, most of the surface was covered by wetlands (92%). As a result of 19 th century river regulation works the channel Lászlóffy, 1982) , which resulted in drier floodplain surfaces. Therefore, since the mid-19 th century the wetlands were replaced by meadows and pastures (94%), and riparian forests (9%). Nowadays, most of the floodplain is covered by natural or planted forests (86%), while the proportion of meadows decreased to 2%. The vegetation roughness of the study area has increased fourfold since the late-18 th century. This increased vegetation roughness has a significant impact on flood conveyance. Since similar land-use changes were observed on other floodplain areas of Hungary (Gábris et al., 2004; Sándor and Kiss, 2008; Oroszi and Kiss, 2006) , it could be assumed that the vegetation has influenced hydrological conditions in a similar way.
However, the actual surface roughness is greater (0.14) than it was calculated from the land-use categories, due to the presence of invasive species, and because in the literature the impact of invasive species on vegetation density was not considered. Most of the meadows, pastures and arable lands are strongly invaded by Amorpha fruticosa, therefore 8% of floodplain surfaces are covered exclusively by A. fruticosa, but it has spread in riparian and planted forests as well.
Results of vegetation density calculations were used in HEC-RAS and CES models, to determine the role of two different floodplain management methods on flood conveyance. In the No.1. scenario the actual vegetation density (with Amorpha fruticosa) was applied, while in the No.2. scenario the Amorpha was cleared from the area, thus the floodplain vegetation was managed. The comparison of the two scenarios in HEC-RAS suggests that if the floodplain was managed properly and it was cleared from Amorpha fruticosa on the studied 10 km long reach of the river, at the upstream section water flow would accelerate because of reduced surface roughness, which would decrease water levels. Therefore, the level of the peak flood could be reduced by 15 cm according to the HEC-RAS and by 12-15 cm according to the CES. The downstream section of the managed floodplain is followed by an unmanaged area, therefore, its increasing vegetation roughness could decrease the flood conveyance and flow velocity by impounding the flood, thus at this section higher peak levels could occur (but it was under the error limit of the model). At the middle section the effects described above (i.e. increased and decreased flood conveyance) combined, therefore here the flood conveyance would be just slightly better, thus the drop of peak flood level is moderate (9 cm).
CONCLUSION
In the present study, we analysed vegetation density and its effects on flood conveyance with different methods. The Parallel Photographic (PP) Method was used to calculate the actual vegetation density in different landuse categories. The resulted vegetation roughness values are 1.5-fold higher than values given in the literature for the given land-use category. This can be explained by the very dense population of invasive species, since these species were not taken into account in the vegetation roughness values defined in the literature (Chow 1959) , they gave only empirical values for natural vegetation cover. With the PP method, however, the vegetation density could only be measured in a small quadrate (6 m 2 ) and up to a height of 2 m; although during floods the floodplain is inundated by 6-8 m high water column. Further disadvantages of the PP method are low time efficiency and errors occurring during taking the photographs. In sunshine, the shadows of the stems and branches can modify the ratio of black and white pixels, the white screen can lean in wind, and the snow cover on the branches (since photographs were taken in winter) can also modify the number of black pixels. During photo- Fig. 10 Results of the CES modelling at the downstream cross-section (181.7 rkm). a) Discharge change at a given water level (from the lowest point of the channel bed) in the case of vegetation with and without Amorpha fruticosa; b) decrease in discharge on the floodplain due to the presence of Amorpha fruticosa; and c) land-use categories along the cross-section processing errors can occur when the non-vertical stems are photographed from different angles, therefore after the photos are assembled these stems can appear several times on the photos. Based on our experience, however, these errors do not cause significant differences in the results. Flood conveyance was analyzed in two hydraulic models. The advantage of the HEC-RAS model is that a real flood event could be modelled, and the spatial and temporal effects of various floodplain vegetation on flood conveyance could be analysed. Disadvantage of the model is that its setting up is time and data consuming. Besides, the characteristics and roughness values of the floodplain and of the channel, the hydrographs of a particular flood event are also needed along a long river reach (in our case it was 200 km) to keep the model stable.
Great advantage of CES model is that it is very easy to use, and it does not require large amount of input data. The hydrological processes on the floodplain, however, could be analysed only at during the flood peak and along one section, thus temporal and spatial changes in the processes could not be studied. Accordingly, the selection the most suitable cross-section on the floodplain is very important.
From the point of view of floodplain management it can be stated that by adequate vegetation management (i.e. removing invasive species, restoration of land-use with lower surface roughness) of longer floodplain sections flood stages could be decreased. The length of the managed area, however, may vary depending on the slope of the floodplain and the areal extension of impounded flow, since in short managed sections the effect of impoundment may distinguish the effect of better flood conveyance. Accordingly, clearing vegetation in patches would not have any detectable effect on flow conditions. The analysis, however, should be repeated on floodplain sections with different hydrological conditions, since the effect of vegetation on flood conveyance may vary based on slope, floodplain width and flood characteristics. Overall, reducing vegetation roughness coefficient by properly managing floodplains would have a positive impact on flood hazard, since flood waves would accelerate and peak flood stages would decrease.
